Abstract-Cymbopogon nardus believed to contain cellulosic fibres has been proposed to be a potential source of pulp for paper industry with less environmental degradation threat. This study involved characterisation of Cymbopogon nardus as a new potential raw material, identifying the appropriate pulping techniques and conditions as well as characterisation and evaluation of the pulp and paper made. Norman and Jenkins's methods as well as the standard TAPPI methods were used to determine the chemical composition. Soda and Kraft pulping techniques were studied at varied temperature and chemical charges. It contained high hollocellulose, α-Cellulose; and moderately low extractives, ash content and lignin Content. The pulp yield of 42.82% at a kappa number of 24.4 was achieved with soda pulping at soda charge of 25%, at160 o C and in one hour. A yield of 45.79% at a kappa number of 31.2 was achieved with Kraft pulping at 30 % sulphidity, 20% active alkalis, at the same time and temperature. The isolated pulp contained moderate fibre length (0.771mm), fibre width (14.4μm), slenderness ratio (51.67), a brightness (69.65%); and paper sheets with a tear index (6.44m Nm 2 /g). Properties of Cymbopogon nardus as a raw material, pulp and paper were very closer to those of other non-wood materials. Cymbopogon nardus stands a potential source of pulp for paper industry.
Non-wood fibrous materials and recycled fibres offer a great opportunity to decrease or even replace the use of wood fibres . In recent years, the attention has been focused on grasses and the hope of many countries including Uganda with insufficient forest resources lies in grasses for production of any virgin pulp.
Among the alternative fibrous materials are grasses such as Cymbopogon nardus (L) (Rendle) of the poaceae family. Cymbopogon nardus is perennial plant commonly referred to as Citronella, known commercially worldwide for its essential oil. Citronella oil is traditionally known for its medicinal values and it used as fragrant in cosmetic industry as well as flavours of foods and alcohols. It grows on well drained soils, mainly in the hilly areas. Not only when it colonises area it forms a big bush which is unpalatable by most animals including cattle but also it slows the growth of pasture and it a menace to herdsmen . A study of the extraction pulp for paper and paper boards will give the crop additional value.
There are various grasses such as reed canary grass (Phalaris arundinacea), tall fescue (Festuca arundinacea) , dogtooth grass (Chenopodium album), switch grass (Panicum virgatum) , elephant grass (Pennisetum purpureum) etc. have been researched upon for pulping and papermaking. However, to the best of our knowledge, the pulping and papermaking potentiality of Cymbopogon nardus from Uganda has not been investigated.
Evaluation of pulping and papermaking potential of a raw material basically involves determination of its proximatechemical composition, identification of suitable pulping process and bleaching sequence, evaluation of bleached and unbleached pulp, morphological analysis of pulp fibre as well as testing for the physical properties of handmade paper sheets.
II. MATERIALS AND METHODS

A. Raw material
Cymbopogon nardus was collected from Eastern Uganda. The collected samples were chopped in sizes of about 2-3 cm, screened to get rid of the fines, cleaned with distilled, and dried in dried under shed. Some were converted into dust using the laboratory grinder and used to determine of it proximate chemical composition.
B. Hydrolysis of the Raw Material
The oven dry materials were soaked in water at room temperature for 24 hours in a solid/liquor ratio of 1:10 to reduce on the extractives. The liquid part was decanted off and the plant materials were transferred to hot water in the autoclave in solid/liquor ratio of 1:8 and heated at 100 o C for 1 hour [10] .
C. Pulping Two pulping methods were employed and these were sodaanthraquinone (AQ) and Kraft pulping. The soda -AQ pulping was done under certain varying conditions of soda concentration (10%-25%), temperature (100 o C -160 o C) at constant time duration of 1hour and 0.1% anthraquinone concentration. The Kraft pulping was done under certain varying conditions of sulphidity (10%-25%), temperature (100 o C -160 o C) at same duration of 1 hour. The cooked materials were fiberized in a wet pulper at 1200 rpm for 20 minutes and the screenings separated by sieving through a screen of 1mm mesh size.
The isolated pulps were pre-bleached with a two-step HPE sequence. The hypochlorite stage involved subjecting the isolated pulp to a hypochlorite charge of 3%, at 60 o C for 1 hr. and at consistency of 6%. The alkalised hydrogen peroxide stage was carried out at hydrogen peroxide charge of 6% alkalized with 2.7% NaOH and 0.05% MgSO4 at a consistency of 6% at 80oC for 1hr.
D. Taguchi Experimental design
A series of experiments were conducted to evaluate the effect of cooking liquor charge and cooking temperature on the yield and Kappa number of pulp produced. Taguchi Optimization design which uses the signal to noise (S/N) ratio to identify of best conditions was employed. The S/N ratios were calculated using the equation (1) ;
Greater the S/N ratio, the better is the performance. The range of the S/N ratios (dB) was also used find the significance a pulping condition towards Kappa number. The control variables (cooking temperature (T) and Liquor charge) had four levels. The four levels were 100 o C, 120 o C 140 o C and 160 o C for temperature; 10%, 15%, 20%and 25% for soda charge and 10%, 20%, 30% and 40% for sulphidity.
E. Characterization of pulp and paper Made
The yields of pulps were determined gravimetrically in replicates of three to four. The other properties of the isolated pulp analysed were kappa number (TAPPI T236 om-99), viscosity (TAPPI T230 om 08) and brightness (TAPPI T525 cm 92). The morphological characteristics of fibres were determined using Morphi Fibre Analyser and the Olympus BX61 auto-research microscope.
The Canadian Standard Freeness (CSF) of the unbeaten and beaten pulp samples was measured before paper sheet making (TAPPI T227 om-99). Some pulp was subjected to mechanical beating using the PFI mill (TAPPI T248 sp-00). The paper sheets of 60 GSM were made with a handmade sheet making machine (TAPPI T205 sp-95). The properties of the paper sheets such as tensile index (TAPPI T494om-96), burst index (TAPPI T403 om-97), tear index (TAPPI T414 om-98), apparent density (gravimetrically) and air resistance (TAPPI T460 om-96) were analysed.
III. RESULTS AND DISCUSSION
A. Characterization of the Raw Materials
The chemical composition (proximate) analysis is a major determinant of the pulping method and conditions as well as their yield. First the chemical composition Cymbopogon nardus was analysed and results are presented in Table. 1. Findings show that the chemical constituents of Cymbopogon nardus are similar to those of wood although differing in magnitude. It contained hollocellulose, lignin, ethanol-benzene extractives, ash content, α-cellulose, cold water extractives and hot water extractives. Cymbopogon nardus contained the high value of hollocellulose (68.51%). The hollocellulose was close to those of Anatolian black pine (72.34%) and Silver Birch (73.4%) commonly use in paper industry [13] and was in the same range as those of bamboo (67.1%) [10] and Corn stalk (61.6%) [14] , are already recommended for the paper production.
Cymbopogon nardus had high α-cellulose content (35.0%). These α-Cellulose values were in the same range to those of most non-wood materials such as Arundo-donax reed (32.6%) [15] , wheat stalk (29%-35%) [16] , those of some softwood such hybrid poplar (29.7%) [17] and spruce (39.5%) [13] . According to the rating system designated by Nieschlag et al 1960 described that plant materials with 34% and over of α-cellulose content being characterized as promising for pulp and paper manufacture [18] [15] . According to this categorization Cymbopogon nardus was found to be promising among the selected grasses.
Cymbopogon nardus had the slightly high lignin content (27.38%) but was within the satisfactory level (<30%). In practice this means that it needs in general milder conditions (i.e. lower temperatures and chemical charges) than those of softwood and hardwood in order to reach a satisfactory kappa number . Cymbopogon nardus had low ash content (3.66%). The values were within range for most non-wood fibre raw materials and less than that rice straw of (16.6%). High ash content is undesirable during refining and recovery of cooking liquor . Cymbopogon nardus had the least alcohol-benzene extractives (5.14%). These extractive values were within limits of many non-wood materials for example sofia grass 5.86%, arundo-donax 7.30%.
Alcohol-benzene extractives of Cymbopogon nardus were higher than those of most wood e.g. Anatolian black pine with 3.45%.
Results show that Cymbopogon nardus had the lowest NaOH extractives (25.99%) The NaOH extractives were within the range of values identified by most non-wood materials for example H Cannabinus (25.8%), Chenopodium album (30.00%) [7] , lemon grass (30.64%) [22] , but higher than those of wood for example eucalyptus grandis (17.9%) [23] and pinus nigra arnold ssp (13.0%) [24] . 
B. Identification of the Appropriate Pulping Techniques and Optimization of the Pulping Conditions
The pulping technique and conditions are key determinants of the quality and the quantity of pulp and hence the quality of paper obtained from different fibrous materials.
1) Evaluation of the Soda-Anthraquinone pulping technique and conditions
The variation of unscreened pulp yield, pre-bleached yield, rejects and Kappa numbers with cooking soda charges and cooking temperatures are shown in Fig 1. Findings reveal that all the four measured properties decreased when both the cooking soda charge and cooking temperature were increased. The decrease in all four parameters implies increased level of lignin removal during pulping process. The kappa number was used to evaluate pulping efficiency for the given pulping conditions.
There was a reduction in the change of kappa number as the soda charge increases from 15% to 20%. This implies that the greater amount of lignin is removed at a soda charge of 15%. The lowest kappa number of 24.4 for Cymbopogon nardus soda pulp was achieved at pre-bleached yield of 42.74 %, soda charge of 25% and cooking temperature of 160°C. Rejects from soda pulping of Cymbopogon nardus decreased to 0.17% at a cooking temperature of 160oc and cooking soda charge of 25%. 
Evaluation the Kraft pulping Technique and conditions
The variations of unscreened pulp yield, rejects, prebleached yield and kappa number with sulphidity for Kraft pulping are shown in Fig 2. Research findings reveal that unscreened pulp yield, rejects and pre-bleached yield all slightly increased as the sulphidity of the cooking liquor was increased but decreased with the increased cooking temperature. The increase in all the three parameters with increased sulphidity of the pulping process was attributed to the protective action of hydrogen sulphide ions on cellulose fibre against depolymerisation during Kraft pulping process. The hydrogen sulphide ions that replace the hydroxyl ions have no effect on carbohydrates and other hemicellulose hence increase in the unscreened yield, pre-bleached yield, and rejects. This lignin selectivity has a significant influence on the level of delignification and hence on the unscreened yield, prebleached yield, rejects and, kappa number. This is also in agreement with the earlier report that the pulp yield increases with increase in sulphidity until a yield plateau (constant value) is reached . The yields of both unscreened and pre-bleached pulp from the four fibrous materials remained almost constant beyond the sulphidity of 30%, this showed that at higher values, sulphidity do not influence the yield . The kappa numbers of Cymbopogon nardus decreased as the sulphidity was increased from 10 to 30%, this decrease was attributed to the high selectivity nature of hydrogen sulphide ions on the removal of lignin.
The lowest the kappa number of 31.00 was achieved at Sulphidity percentage of 30 % and at a cooking temperature of 160°C with a pre -bleached yield of 45.13 %.
2) Analysis of the S/N Ratios for optimisation pulping conditions
From the S/N ratios in Table 2 it is observed that optimal pulping conditions for the two variables were at their level 4 (T 4 = 160°C and S 4 = 25%) for soda AQ pulping. The cooking temperature had the higher value of dB which shows it significantly influencing the kappa number value and hence on the pulping effectiveness. This is in close agreement with Shakhes et al (2011) who observed that bleachable grades of Tobacco pulp were only produced using 25% alkali charge, 0.2 % AQ charge and cooking temperature of 165°C . The highest S/N ratios for sulphidity for Cymbopogon nardus were observed at level 3 (S 3 = 30%). The Delta terms dB for the cooking temperature was higher than that of sulphidity charge, therefore cooking temperature was ranked to be more significant to the lowering of kappa number. Therefore high cooking temperature is more important on the pulping effectiveness. 
3) Regression Analysis of Soda pulping conditions
The mathematical regression models were developed for the Kappa number and pre-bleached yield in terms of the cooking temperature and soda concentration as the control variables. The multivariable regression analysis of Stata (standard statistical software) was used to derive model equations of the kappa numbers and those of the pre-bleached yield.
The multivariable model equation for Kappa numbers of soda pulp extracted any pulping conditions is numbered (2) . The model equation is presented along with the coefficient of determination R 2 which shows the confidence levels to which model equation fits the experimental data.
at R 2 = 0.87, F>42.86, p<0.0000 (2) X T, X S the normalized values of the cooking temperature and soda concentration respectively.
The model equation shows that the kappa numbers of soda pulp decreased as the cooking temperature (X T ) and cooking soda charge (X S ) were increased.
The yields of pre-bleached soda pulp of Cymbopogon nardus was developed into the multivariable model equation (3) . at = 0.94 F> 97.01, p<0.0001
All mode equations reveal that pre-bleached soda pulp yields decrease with increased cooking temperature and soda concentration charge. The regression model equations are used to estimate the quality and quantity of pulp at the optimised pulping conditions. This can optimise cost of chemical and energy require in pulping.
4) Regression Analysis of Kraft pulping conditions
The kappa numbers ( of Kraft pulp for Cymbopogon nardus, at any pulping conditions were found to be described by the model equation (4) 
The Pre-beached yield of Kraft pulp was described by the model equation (5) .
, at R 2 = 0.91, F> 69, P<0.00001
The multivariable regression model equations showed that the pre-bleached yield decreased with increase in temperature and increased with sulphidity. The change in temperature (X T ) was found more significantly affecting the pre-bleached yield of pulp than sulphidity (X S ). According Rama et.al, (2012), multiple linear regression analyses with coefficients of determination R 2 greater than 0.90, indicate that models satisfactorily fit the experiment data
5) Confirmation Test of model equations
The developed model equations for kappa number value were tested in comparison with experimental results at a pulping condition of 20% of the cooking liquor charge /sulphidity and cooking temperature of 160°C.and results are as shown in Table3. The error percentages between the experimental values of Kappa numbers and those estimated from model equations for soda AQ and Kraft pulping were 6.93% and 0.19% respectively. The error percentages were lower than 10%, showing that the predicted values from model equations were in agreement with experimental data.
6) Characterization and Evaluation of Pulp and Paper
Fibre morphology and physical properties of pulp and paper sheets were analysed and reported for the pulps extracted by the two pulping methods.
Results of properties of pulp isolated from the Cymbopogon nardus grass materials are summarised in Table 3 . The kappa numbers of pulp extracted using soda-AQ pulping were generally lower than those of Kraft pulping. This implies Cymbopogon nardus grass responds very well to soda AQ pulping. Soda pulping gave slightly lower yields than Kraft pulping suggests possible fibre peeling or dissolution of hemicellulose.
Remarkably high brightness for both soda and Kraft pulp was achieved with a simple preliminary bleaching sequence. This implies the easy of bleachability of its pulp implying less chemical charges required in bleaching. Brightness reciprocates the kappa number which is in turn is a measure of the level of delignification. Soda pulps were brighter than the corresponding Kraft pulp.
Generally the viscosity of soda pulp was observed to be lower than that of Kraft pulp. This is attributed to the loss of the short chain carbohydrate during the soda pulping. The presence of more carbohydrates also increases the viscosity of pulp. The magnitude of viscosity is a precursor for fibre length and degree of polymerisation. From the observed viscosity, it implies Cymbopogon nardus pulps contain longer and coarse fibres. 
7) Fibre Morphological analysis
Photomicrographs of pulp fibres from soda AQ pulping and Kraft pulping were taken using a microscope Olympus BX61 at different magnifications as shown in Fig 3. Pulps from Cymbopogon nardus like those of other non-wood materials in addition to cellulose fibres contained other non-fibre cellular materials such as parenchyma cellular tissue, vessel element and epidermal tissues which don't have any paper making properties. Their presences in large numbers are undesirable and impair drainage which is a problem during paper pressing . The non-fibrous materials also results into the formation of fines in pulp during pulping and beating which reduce freeness and increases water retention by pulp. The photomicrographs show that the fibre morphologies of pulp were similar irrespective of the pulping methods Data for the different morphological properties of fibres as determined with Morphi Fibre Analyser (MFA) are shown in Table 3 . Results reveal that both soda and Kraft pulps contained fibres with intermediate fibre length very close to those of hardwood e.g. aspen (0.73mm) [30] and close to those of other grasses already investigated e.g. Chenopodium album (0.60mm) [7] , alfalfa and switch grass (0.78) but higher than those of two years old poplar and willow with 0.38 and 0.34mm respectively [31] . The fibre length of pulp obtained from the two pulping techniques did not differ significantly although the fibre lengths of Kraft pulp were slightly higher than that of soda pulp.
The fibre lengths distribution study showed that the largest proportions of fibres for all pulps were short (0.2mm -0.5mm) Fig.4 . The fibres of all pulp samples with intermediate lengths (0.5-0.75mm and 0.75-1.25mm) were evenly distributed. Few fibres from pulp samples were in the range of 1.25mm to 1.5mm. The fibres widths of all pulp from the four grasses varied between 13.7 and 14.4 μm. The fibre widths of all pulp samples [32] as well as those of other grasses such as switch grass (13.90 μm) and elephant grass (15.14 μm) [33] . The fibre width distributions for all pulp samples obtained from both methods were skewed to the left, having the majority of the fibres (66.1% -86.6%) being thin (5-17 μm). Cymbopogon nardus had the least kinked and curled fibres an indicator of stiffer fibres.
Generally soda pulp fibres had less broken ends than the Kraft pulp fibres. The fine element percentages for all samples were high and did not significantly differ among the two methods. The slenderness of all pulp samples are closer to those other non-wood materials already recommended for paper production e.g. lemon grass (66.9) and Sofia grass (59.2) [22] 
8) Characteristic physical properties of paper sheets
The physical properties of paper were measured from handmade paper sheets from the pulp extracted using the two pulping methods and results are shown in Table 4 . The Canadian Standard Freeness (CSF) values of pulps were measured for both the unbeaten and the beaten pulp isolated before making the handmade paper sheets. The findings demonstrate that the CSF values of the unbeaten pulp were generally low compared with those normally identified with wood pulp. This reveals high interactions of pulp fibres with water molecules. With beating, the CSF decreased tremendously further due to the fact that beating opens more fibrils thereby increasing the surface area from a number of broken and short fibres for water adsorption. All pulp samples had attained recommended CSF values of about 200ml at the PFI beating of 500 revolutions. PFI mill beating of pulp samples caused substantially improvement in the strength properties with minimal energy requirements. Unlike wood pulp whose beating goes up to 5000 to 6000 PFI revolutions to acquire the CSF value of about 200ml, beating of Cymbopogon nardus pulp the energy required for 500 PFI revolutions is very low, implies saving energy and cost of production. The CSF values of Kraft pulps are generally higher than those of soda pulps of the corresponding fibrous materials this is attributed to presence of less open fibrils in the Kraft pulp which can retain more water.
The apparent densities of the two types of isolated pulps were of medium values, but slightly higher than that of switch grass (0.35-0.57g/cm3) [30] , cotton stalks (0.37-0.63g/cm3) [34] and they were of the same magnitude as that of the dogs' tooth grass (0.62-0.73g/cm3) [7] . The apparent density of the paper samples increased with the increased beating level which increased proportions of short fibres that increases the fibre packing efficiency. The apparent density of soda AQ pulps were generally greater than Kraft pulps, this is attributed to highly polished flexible fibres obtained by the soda AQ pulping.
Burst indices for paper sheets at PFI beating of 500 to 1000 PFI revolutions were in normal ranges for most paper uses. Both the apparent density and burst indices for all paper samples were ideal for writing paper and they could be increased with addition of additives during the production processes. The burst indices of all samples when beaten to 1000 revolutions were very close to those of spruce wood pulp (3.09 -3.64 k pa m2/g) [19] , that of tobacco stalks pulp of 3.98-4.36 kN/g [23] and higher than that of banana tree residue of 0.64-2.79 kN/g [35] .
The tensile indices of all the paper sheets from both types of pulp were generally slightly lower than those of hardwood e.g. Eucalyptus globulus an average of 110.21Nm/g [36] and the some other non-wood materials e.g. Chenopodium album (56.70Nm/g) [7] . As expected the tensile indices of the Kraft paper sheets were higher than the corresponding Soda paper sheets.
The tear indices of all paper sheets were moderately high compared that of Chenopodium album of 4.9mNm2/g [7] but lower than that of Eucalyptus globulus an average of 8.6mNm2/g [36] . The unbeaten soda pulp had greater tear indices than the respective Kraft pulp. But with beating the Kraft pulp gained more tear strength. This is attributed to the opening up of the fibrils on beating of the Kraft pulp which increases the number of bonded sites. The unbeaten pulp samples had high porosity and decreased with pulp beating.. High porosity of Cymbopogon nardus is attributed to the high portions of longer fibres. The network of longer fibres leaves many open structures through which air can percolate.
From a morphological point of view, pulp beating produces recognisable changes in the fibre structures which in turn increase fibre bonding. The beating process causes the outer primary wall and the first secondary (S1) layers to loosen and separate. The exposed area of fibrils forms potential bonding sites during sheet formation [37] , [36] . These changes are manifested in the increase of some physical properties of pulp and paper such as apparent density, burst index, tensile index while CSF, porosity and tear index
IV. CONCLUSIONS
The hollocellulose and α-cellulose of Cymbopogon nardus are slightly lower than those of the most wood and very closed to those of other non-wood materials already used in paper industry. The effectiveness of both soda AQ and Kraft pulping improve with increase in cooking temperature and cooking liquor charge. In case soda AQ pulping, most delignification occurs at a soda charge of 15% although the Taguchi optimisation design indicated that a soda concentration charge of 25% at 160 o C for cooking time of 1 hour and AQ charge concentration of 0.1% as the optimum conditions. The optimal Kraft pulping conditions were 20% active alkali, 30% sulphidity at a cooking temperature of 160 o C. Cymbopogon nardus responds very well to both soda AQ and Kraft pulping. Generally Cymbopogon nardus grass contains short fibres close to those of hard wood and some non-wood materials. There are no significant differences in the fibre morphology between Soda-AQ and Kraft pulps. The physical properties of the handmade sheets from pulps from Cymbopogon nardus grass are lower than those of hardwood which implies that pulp from Cymbopogon nardus can replace hard wood pulp to low or moderate extend in writing, news, toilet papers etc. The pulp beating up to 500 PFI revolutions significantly improves paper properties and gives the optimal properties hence pulping Cymbopogon nardus requires less energy in comparison to wood pulp.
The choice of the pulping methods for paper production will depend on the end uses of paper. Depending on the technical evaluation of the production processes, Cymbopogon nardus grass is recommended for pulp and paper production.
